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ABSTRACT

This thesis focuses on the development and implementation of the investment
casting process using ice patterns. The traditional method of the investment casting
process involves using wax patterns. Wax patterns tend to expand during the dewaxing
process, and this causes stress on the shell wall which can eventually lead to the breaking
of the wall. Ice patterns on the other hand shrink when heated. This is a very desirable
property for the investment casting process. The process of dewaxing (dewatering) of ice
patterns can be achieved by keeping the shells at room temperature, instead of heating the
shell in an oven as in the autoclaving process for wax patterns. This makes the process
environmentally benign than using wax patterns.
The first step in the research was to develop a solid mold method of investment
casting. The choice of materials used for making the ceramic molds was difficult since
the working environment of the process was well below the freezing point o f water. A
solid mold investment casting process was developed for ice patterns, and a detailed
study of the process capability was done. Ten M08 bolt castings were produced, and the
outer diameter and pitch data were collected. The process was successful in reproducing
the minute details of the bolt pattern.
A shell method for the investment casting process using ice patterns was then
developed by doing more studies at the O’Fallon Casting foundry in Missouri. M12 bolt
castings were produced by this method to measure the process capability. The shell
method of investment casting using ice patterns was more flexible in terms of size of the
castings and productivity.
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1. INTRODUCTION
Investment casting is an old practice of metal casting dating back many thousands
of years. A slurry shell is invested around the pattern and, hence, the name investment
casting. The evidence suggests that the first investment casting was made in Thailand
around 4500 BC [6]. The sculptors of ancient Mesapotamia, Egypt, the Han Dynasty in
China, and the Benin civilization in Africa used investment casting for creating intricate
artwork mainly in gold, copper and bronze. There is a great deal of evidence throughout
history to show that the investment casting process was used for making sculptures.
Shiva, the Lord of Dance, a 96 cm high bronze creation dating from AD 11 has been
found in India. This process of casting came to Europe during the sixteenth century and
was used by many of the Renaissance artists. The Perseus and the head of Medusa by
Benvenuto Cellini, a three and a half ton statue, is an excellent example of sculptors
using investment casting. The industrial applications of this form of casting were not
recognized until the beginning of the twentieth century. The credit o f developing the
investment casting process for manufacturing purposes goes to Austenal Laboratories
Inc. in the United States. They used a hydrolyzed ethyl silicate binder to produce molds
and used dental alloys, based on cobalt and chromium, for making crowns and inlays in
the dental field. In 1940 General Electric (GE) started using the investment casting
process for the production of aircraft turbo-supercharger parts, mainly because of the
suitability of the process to use heat resisting alloy components for the aero-engine
industry and the ability of the process to produce complex metal parts in a fast manner [5,
6]. By the late 1940s and early 1950s, the ceramic shell process was evolved, which is
similar to the investment casting process used today [8].
The investment casting process consists of creating a pattern usually of wax, or
any other material which can be melted away, and then creating a ceramic shell or mold
around it. The slurries used for creating the shell contain a fine refractory powder and
liquid silicate binder as the principal ingredients. The pattern assembly is dipped into the
primary slurry and rotated to ensure the development of an even coating. Immediately,
the assembly is stuccoed in a raining cabinet, wherein refractory particles are allowed to
fall onto a rotating assembly. After stuccoing, the binder can be gelled either by chemical
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means or by simply drying in the air. This is repeated until the desired shell thickness is
reached. Once the shell has been created, the pattern is melted away by heating in an
oven, leaving a cavity in the shape of the pattern behind, and then used for casting. This
process of melting away the wax inside an oven is called dewaxing. A common type of
dewaxing process employed in America is autoclaving. The pattern is, thus, expendable.
The investment casting process is also called the lost wax process when using wax
patterns because wax is melted away prior to casting. The tooling for the production of
wax patterns is expensive. Waxes are processed at low temperatures, and generally,
aluminum alloys are preferred for tooling purposes. Wax patterns of complex parts are
usually made by utilizing wax injection machines that are designed to take
preconditioned wax and force it into a die to make a pattern t7^.
There are two types of investment casting based on the ceramic mold kind: solid
mold and shell mold. In the solid mold process, ceramic slurry is poured into a flask
containing the pattern and then cured. The size and the accuracy of the casting are two
limiting factors of this process. In the shell mold process, a shell is built around the
pattern by dipping it in ceramic slurry and then stuccoing it. This is repeated six times or
more to increase the thickness and strength of the shell. The shell mold investment
casting can be used for large castings and where accuracy is important. With proper
designing of the sprue, the productivity rate is superior to the solid mold process.
With the advent of rapid prototyping processes, there have been many trials to integrate
the rapid prototyping process with investment casting to increase the productivity rate.
Materials like plastic and resin used for creating the prototypes can sometimes be suitable
for the investment casting process. Thus, the rapid prototypes can be directly used
instead of the wax patterns. There were some problems faced in using these prototypes
for the investment casting process. The main problem was the presence of numerous
pinholes resulting from the removal of the support material. The drainage process was
another big problem. The process of removing the prototype material completely from
the shell was not easy. Another problem was the poor surface finish obtained.
Shell cracking is a major concern while using wax or similar patterns for the investment
casting process. Wax expands on heating, leading to exerting pressure on the walls of the
shell which can ultimately lead to cracks on the wall. This creates difficulty in choosing
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the right materials for making patterns. The use of synthetic waxes with various additives
for making wax patterns have minimized the expansion effects but have not fully
prevented the shell cracking effects. V. Richards and G. Connin have shown that most
production wax patterns exhibit an abrupt expansion as the crystalline portion of the
microstructure melts during dewaxing *-12^. Amie Yodice, in 1992, proposed the idea of
using ice patterns for the investment casting process [2,3&4\ Ice does not expand while
melting and this can be achieved at room temperature, thus avoiding the dewaxing
process. The Freeze Cast Process demonstrated the feasibility of investment casting using
ice patterns. However, there are very few technical details available in literature. Amie
Yodice has compared several other casting practices with the Freeze Cast Process as
given in Table 1.1. [3 &4\

Table 1.1. Performance Comparison of Some Casting Processes
Lost

Freeze

Casting Process

Sand

Lost Wax

Foam

Cast

Linear Dimensional Tolerance (in. /10 in.)

0.1

No Data

0.077

0.027

Surface Finish (RMS)

300-700

125

125

90

Casting Defects ( Scale 1-10, 10 being worst)

10

5

6

2

Dr. M. Leu and his research team at the University of Missouri - Rolla took this to
a new level by developing a rapid prototyping process to produce ice prototypes, which
they called Rapid Freeze Prototyping [9]. The integration of investment casting with rapid
freeze prototyping is a revolutionary concept. The main principle of Rapid Freeze
Prototyping is similar to the other solid freeform fabrication (SFF) techniques in the
sense that a three-dimensional ice part is built, based on a CAD model, by selectively
depositing and solidifying water in a layer-by-layer manner [11]. The water is ejected
through a feeding pipe in a drop-on-demand mode onto a build environment that is
maintained well below water’s freezing point. The deposited water is solidified (frozen)
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by the low temperature environment through convection and by the previously formed ice
layer through conduction [1°3.
The main objective of this research was to develop an investment casting process
utilizing ice patterns and to give a detailed step-by-step description of the process so that
the results can be replicated. The first step was to develop a solid mold investment
casting process for ice patterns and study the process capability. Once this was achieved,
the next step was to collaborate with a commercial foundry and develop a shell
investment casting process for ice patterns. This was done by continuing the research
work in collaboration with O ’Fallon Casting foundry, Missouri. Both the solid mold
process and shell mold process were developed for investment casting using ice patterns.
The process capabilities of both the processes were studied by dimensional analysis of
the castings produced. For this study the outer diameter and the pitch values of the
castings were measured and used with the tolerance values calculated using P. R.
Beeley’s equation [6] for tolerance values. The shell mold process was seen to be more
flexible and superior to the solid mold process.
For this research, the ice patterns were made from silicon rubber molds. The use
of soft silicon rubber molds was a source of variability in the dimensional studies of the
castings.
The patterns and the molds were made manually and there was no machine used
in any stage of the process except in the final stages for casting the molds. This meant
that the quality and accuracy of the castings relied heavily upon the skills of the foundry
man. In that context the process can be described as an art rather than a science, or
perhaps a mixture of both.
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1. SOLID MOLD INVESTMENT CASTING PROCESS USING ICE PATTERNS
Harish Jose, Von L. Richards
Department of Materials Science and Engineering
University of Missouri - Rolla, MO 65409
Qingbin Liu, Ming C. Leu
Department of Mechanical and Aerospace Engineering
University of Missouri - Rolla, MO 65409
ABSTRACT
Molds for the investment casting process using ice patterns are improved by
introducing reinforced fiber containing fused silica into the ceramic slurry. The quality of
the molds is increased significantly by the reinforcing fiber addition. Castings made
through the investment casting process using ice patterns have been studied, and two
main types of defects were seen: air-bubble defects and extrusion defects. As a solution
to these defects, a shell coating method was developed and successfully implemented.
This method involved dipping the ice pattern in the slurry and allowing a thin coating to
develop around the pattern. After the curing of this coating, a solid mold was made
around the pattern using an ice-tree flask. The casting was done using a centrifugal
casting machine. Ten castings of an MO8 bolt pattern were produced using the shell
coating method. The castings made from the shell coating method did not show the two
defects. The process is capable of replicating the intricate features and dimensions of the
bolt.
1.1. INTRODUCTION
In the conventional method of investment casting using wax patterns, breaking of
the ceramic shells during de-waxing is a major concern. The shell cracking occurs
because of the expansion of wax exerting stress on the shell. Ice, on the other hand,
contracts when it melts. This is the basis of the investment casting process using ice
patterns. This method was patented as the Freeze Cast Process by Yodice in 1991[1]. His
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method involves the making of a silicone rubber mold from the master pattern and later
making an ice pattern from the mold. The resulting ice pattern is dipped in refrigerated
ethyl alcohol silicate slurry and stuccoed [2’3\ After the shell has been made, it is kept at
room temperature to melt the ice pattern, and then it is used for casting. A research group
at Tsinghua University has also done work in this area [14]. Integration of a Rapid
Prototyping technology called Rapid Freeze Prototyping (RFP) by Dr. M. Leu and his
research team at the University of Missouri-Rolla, has improved the process
tremendously by ensuring the high quality of the patterns and, thus, the castings as w ell[8,
9\ The advantages of the investment casting process using ice patterns made by RFP over
the competing process are:
Shell cracking problems can be avoided.
Low cost and high quality.
Environmentally benign.
Complex patterns can be made easily due to the low viscosity of water.
1.2. MOLD MATERIALS SELECTION
The whole procedure of making the mold took place inside a freezer where the
temperature was maintained at -16°C. Significant deliberations went into the selection of
materials to be used for making the molds. The constituents of the ceramic slurry must
have a freezing point well below 0°C. This meant that the binder should not have parts
containing water. Many materials were considered for the powder part of the ceramic
slurry including silica sand, alumino-silicates, alumina, fused silica, and zirconium
silicate. The ratio of fine/medium/coarse powder was critical for shell quality. Keeping
all the constraints in mind, the authors selected alumino-silicates, having the grain size of
200 mesh. Of the three widely used binders for a ceramic slurry system (water glass,
silica gel, and ethyl silicate), ethyl silicate binder chemically decomposed by reacting
with water (hydrolyzed) was selected. Finally, a solution mixture o f triethanolamine and
ethanol was chosen as the catalyst to shorten the gelling time of the slurry.
The constituents selected for the ceramic slurry system of making the molds were:
1) Powder: (Ceramic Powder M47-200ICC alumino-silicates, particle size 0.075mm from Ransom and Randolph). The powder was preheated to 100°C in
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the furnace to remove the moisture and kept inside an airtight container until it
was cooled. After cooling it was kept in the freezer maintained at -16°C.
2) Binder: (Alcohol based prehydrolyzed ethyl silicate —10 weight% silica). The
binder was stored in the freezer in a closed container.
3) Catalyst: (1:1 volume ratios of triethanolamine & ethanol). The catalyst was
prepared only when required and stored in a closed container inside the freezer.
1.2.1. Gelling of Slurry. Prehydrolyzed ethyl silicate binder contains very fine
silica particles and alcohol. The silica particles are present as suspended in alcohol as
short chains of molecules with branched structures. With the addition of catalyst, the
gelation is initiated. The silica structures link up together to form a three-dimensional
structure. This structure binds together the powder components of the slurry rendering
strength to the mold.
1.2.2. Optimum Recipe for the Molds. Once the material selection was done, a
mold matrix was developed, as shown in Table 1.1., with the different solid loadings for
finding an optimum recipe for making molds with minimum cracks or other defects.
Three different solid loadings were used (51%, 46% and 41% for Groups A, B and C
respectively). The amount of powder component was fixed as 350 gm. The variables in
the study were binder and catalyst amounts. The binder to catalyst ratios used for each set
of the group was same and is given in Table 1.1. Two molds were made from each set
and studied. The molds were made under the same conditions as much as possible. The
molds of Groups A and C had severe cracks on the top surface which can be attributed to
poor solid loading conditions. The molds of Group B, on the other hand, showed good
characteristics and did not have cracks. The results showed that Group B with a solid
loading of 46% is the best, and recipe BA was the most efficient of all. Recipe BA
produced molds o f good quality with no cracks. The mold matrix study gave a basis to
the mold making process. The study proved that the excess of liquid components was not
desirable. Recipe BA is 350gm ceramic powder + 130ml binder + 7ml catalyst.
1.3. MOLD CRACKING
Cracking of molds is a major problem encountered in the ceramic mold casting
process. The cracking of molds can be directly attributed to the dimensional changes in
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the ceramic molds from slurry gelation to post-curing stages. Materials that cure
chemically usually have shrinkage effects and this result in accumulation of residual
stresses leading to warping and cracking. The cracks appear on the top face of the solid
mold. The top face is the only face exposed while curing and this causes more shrinkage
on that face leading to cracking. J. Jiang et al., has done a study on factors affecting
dimensional changes in solid ceramic molds [6]. They have suggested curing the molds by
enclosing them in a plastic bag to prevent fast evaporation/removal of alcohol and to
promote uniform and slow shrinkage. Curing of molds inside plastic bags induced only
low stresses and thus had a low chance of cracking to occur. Their studies also showed
that a higher portion of ethyl silicate binder was not desirable and suggested binder
amount to be the dominant factor in determining the total shrinkage under same treatment
conditions.
To improve the wettability of the powder components by liquid components, a
new catalyst was prepared with increased alcohol content. Prior to this, the alcohol and
amine were mixed in the volume ratio 1: 1. The new catalyst had 1.5 volume parts
alcohol to 1 volume part amine.
Studies conducted on the effect of the height of ice-tree on the cracking effects
revealed that beyond a critical height, severe cracking of the molds occurs. Many molds
were made with ice-trees of varying height and studied. The optimum height of the icetree is seen to be slightly more than three quarters of the height of the mold. This is
illustrated in Figure 1.1.
More studies were conducted to improve the strength, and thus the quality, of the
molds by introducing a reinforcing powder component into the mold recipe [10]. The new
powder component was reinforcement fiber containing fused silica (Nalcast fused silica).
The presence of reinforcing fibers provided more strength to the molds and also
improved the adhesiveness of the slurry, which is very important in the shell coating
method described later. The reinforcing fibers in the ceramic slurry helped in improved
gelation by binding with the silica chains of ethyl silicate during the process of gelation
enhancing the green strength of the mold. The presence of finer particles of fused silica
than alumino silicates provided better packing efficiency during the bond phase. The
action of fiber reinforcements on the composite matrix structure is discussed later.
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Figure 1.2. shows molds made with the fused silica powder with fiber reinforcements
from Nalcast Co. The particle size distribution of fused silica is given in Table 1.2.
The Whipmix Pro Mixer was also introduced into the process to provide
reproducibility of the slurry. The mixer allowed the mixing of the slurry under vacuum
conditions (90KPa). An ice brine-bath was provided for the mixing bowl during the
mixing of the slurry, which ensured the sub-zero conditions.
Studies were conducted using a Taguchi analysis to determine the best recipe
325 gm Ceramic powder + 50 gm Nalcast fused silica powder with reinforcing fibers
130 ml binder solution
7 ml catalyst solution (1.5 alcohol: 1 amine volume parts)
1.3.1. Care of the Mold Materials. The powder components were heated in an
oven for two hours to remove any moisture content before being stored in airtight
containers. The powder components were taken only when required and were then stored
in airtight containers in the freezer.
The binder was kept in a closed jar with the drierite tube on the top, and a small
hand pump was used to take the binder when required. The presence of the drierite tube
arrangement helped to avoid moisture in the binder. In the freezer, the binder was
contained in a small airtight container.
The catalyst was made only when required. This was also stored in an airtight
container inside the freezer.
1.3.2. Fibrous Composite Matrix. The presence of reinforcing fibers of fused
silica embedded in the ceramic structure increases the toughness of the mold. The stress
applied to the material will be distributed to the fibers capable o f bearing it. In such a
material, fracture of a particular fiber is of no great consequence, for the stress can be
redistributed. The improved toughness of the mold comes from the elastic energy of the
fibers, the energy required to break the fiber-matrix bond and the energy required to
overcome the friction during fiber pullout from the matrix. The fibers in the matrix
restrain the matrix flow and arrest cracks. Furthermore the random orientation of the
fibers provides additional toughening mechanism. One would expect a greater strength
from continuous fibers. But D. Carrol[4] has shown that unless at high temperatures, the
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short fibers provide strength to the composite matrix almost as effectively as continuous
fibers.
The composite strength o f the matrix is given by [13^,
Sc = Sf* [1 - <7c/2/)] Vf + omf (1-Vf)
where Sc = composite strength
Gmf= average stress in the matrix at fiber fracture
Vf
S f*

= fiber volume fraction
= average strength of the fibers in the matrix

/c = fiber critical length, defined as the length which can be strained by the
matrix to just cause fiber fracture. Shorter fibers will simply pull out of
matrix without breaking.
/ = total fiber length
The critical volume fraction is given by,
V Crit

(^m u ~ CJmf) / ( S f * - O'mf)

where

V crit =

critical fiber volume fraction

omu = ultimate strength of the matrix
For the equation of composite strength to be valid,

Vf

> V crjt.

1.4. PROCEDURE FOR INVESTMENT CASTING USING ICE PATTERNS
1.4.1. Making the Ice-tree. The ice pattern, gate, and runner assembly together is
termed an ice-tree. To make the ice tree, patterns of the gate and runner were made and
welded with a drop of water. The ice pattern made, either by the RFP or from the silicone
rubber mold, was welded again to the gate and runner assembly using a drop of water,
and it was put on the base of the ice-tree flask. Air bubbles were removed by vacuuming
or by mechanical vibrations if the pattern was produced from silicone rubber molds. The
ice pattern was inspected for any defects, and the pattern was used only if it was devoid
of any defects.
1.4.2. Making the Mold. Once the ice-tree was made, the cylindrical cover was
put on the base of the ice-tree flask and then the slurry poured into the flask. The
constituents of the slurry were:
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Powder: Alumino silicate powder and fused silica powder with reinforcing fibers.
Binder: Alcohol based prehydrolyzed ethyl silicate.
Catalyst: Mixture of amine and alcohol solutions.
The constituents were stored in the freezer maintained at a temperature of -16°C.
The slurry was prepared in a Whip Mix Pro-Blend mixer under vacuum (90KPa). A cold
bath was provided to maintain the temperature of the slurry. The pouring temperature was
about -6°C, and the mixing time for the ceramic slurry was three minutes. The minimum
mixing time was three minutes as discovered by the authors from previous experiments
[101. Higher mixing times risk an increase in the temperature of the slurry for pouring. The
major concern in making the slurry for the molds was maintaining the temperature of the
constituents as well as that of the slurry below 0°C. The temperature was maintained in
the freezer below -4°C. The slurry was poured in to the flask and allowed to cure inside
the freezer. Pouring into the ice-tree flask did not affect the ice tree. The pouring
temperature of the slurry was always monitored to make sure that the temperature did not
go above the set limit. The curing time was twenty-four hours.
1.4.3. Preparing the Mold for Casting. Once the mold had been cured, it was
kept at room temperature for dewatering. The dewatering and drying period was set as
eight hours. After the ice-tree had melted and the mold became completely dry, it was
pre-heated in an oven in successive steps to 900°C. This procedure took seven hours.
1.4.4. Casting. The casting was done in a Bego Fornax T centrifugal casting
apparatus using a commercial nickel-chromium dental alloy (Talladium)*. The objective
of the research was to develop a solid mold investment casting process using ice patterns
for dental purposes and Talladium alloy is a common alloy used in that field. The
centrifugal casting apparatus has an electric induction furnace for melting the alloy. The
centrifugal force drives the liquid metal alloy to enter and completely fill the mold.
1.5. CASTINGS MADE AND DEFECTS
The quality of the castings depends on the quality of the ice patterns and the mold.
Whatever defect is present in the ice pattern is replicated in the castings. Extra care needs

* The alloy is available from Talladium, Inc. under the name Tilite® Premium.
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to be taken while making the ice patterns and the molds. The castings include M08 bolts,
small gears, replicas of coins, and small decorating ornaments. Close inspection of the
castings revealed two types of defects: air-bubble defects and extrusion defects.
1.5.1. Air-bubble Defects. The air-bubble defects occur when the slurry poured
around the ice-tree gets air bubbles trapped in it. The air bubbles attach themselves to the
ice pattern, and this is replicated in the castings. The main reason for this type of defect is
the high viscosity of the slurry. This type of defect is fragile and can be removed easily.
The air-bubble defects are demonstrated in Figure 1.3.
1.5.2. Extrusion Defects. The extrusion defects occur on the castings because of
the high viscosity of the slurry. Air gets trapped near the pattern due to the high viscosity
of the slurry. During centrifugal casting these spaces are filled with the alloy and are seen
as extrusions from the casting. The extrusion defects are shown in Figure 1.4.
1.5.3. Melt Defects. The soundness of the casting depends a great deal on the
quality of the ice pattern. The melting defects are caused by the partial melting of the ice
pattern. A close observation and extreme care are the only ways to avoid this type of
defect. The tools used to finish the patterns were pre-chilled, and direct contact with the
ice-patterns was avoided by wearing protective rubber gloves.
1.6. STEPS TAKEN TO PREVENT THE DEFECTS
1.6.1. Initial Shell Coating Method. To solve the problem of air bubbles getting
trapped inside the slurry, the authors developed a shell coating method. The coating
around the ice-tree prevented the air bubbles from sticking to the ice-tree. The process
consisted of making or building three or more shell layers around the ice pattern. This
was done by dipping the ice pattern in the prepared slurry. Once the initial layer of slurry
was made on the ice-tree, the coating was reinforced by raining prepared powder onto it.
The sprinkling powder was prepared by mixing the ceramic powder (alumino silicates)
and reinforced fiber containing fused silica in equal proportions.
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1.6.2. Making of First Shell Coating. The recipe for the first shell coating was as
follows:
325 gm Ceramic powder + 30 gm Nalcast fused silica powder
130 ml binder solution
7 ml catalyst solution
The amount o f liquid components was increased and the amount of fused silica
with reinforcing fibers was decreased to increase the wettability of the slurry to enhance
the shell coating buildup on the ice-tree. The mixing time used was the usual three
minutes. The initial shell coating was built on the ice-tree by dipping it in the slurry for
ten minutes and then allowing the formed shell coating to cure inside the freezer for an
additional two hours. The coating formed was thin and fully covered the ice-tree. This
shell coating remained intact during casting and on breaking of the solid mold. A first
shell coating layer on a small gear ice-tree is shown in Figure 1.5.
1.6.3. Making of Second Shell Coating. Once the first shell coating is cured, the
second shell coating was built by again dipping the ice-tree in the prepared slurry for ten
minutes. The recipe for the second shell coating was as follows:
325 gm Ceramic powder + 40 gm Nalcast fused silica powder
130 ml binder solution
7 ml catalyst solution
The mixing time for the slurry was again three minutes. As before the curing time
was set as two hours. The coating formed was again thin and similar to the first coating
formed. Sprinkling of prepared powder on the shell coating was advantageous for shell
coating strength. A second shell coating built on the first shell coating is shown in Figure
1. 6 .

1.6.4. Making of Third Shell Coating. The third shell coating buildup was meant
to be thick and stronger than the previous two shell coatings. For this reason, the
reinforced fiber containing fused silica powder was increased to form a thicker slurry.
The third shell coating recipe was as follows:

325 gm Ceramic powder + 50 gm Nalcast fused silica powder
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130 ml binder solution
7 ml catalyst solution
The procedure for making the third shell coating was identical to the previous two
coatings. The third shell coating over the other two shell coatings is shown in Figure 1.7.
1.7. FINAL SHELL COATING METHOD
The procedure of the initial coating method made the process long since the
curing times had to be taken into consideration. Two hours of curing time was required
for each layer, and twenty-four hours of curing time was required for the solid mold. As a
solution, the authors developed a single shell coating method called final shell coating
method. In the final shell coating method, the ice pattern was first given a thin coating of
the ceramic slurry and then the solid mold was made around this shell. The single layer of
coating was able to protect the ice pattern from the air bubbles. Thus, this method saves a
great deal of time. The optimum recipe for the slurry was found through an extensive trial
and error method. The slurry for the coating had the same constituents as the one for the
mold, but at a lower viscosity. The liquid components were increased and the powder
components decreased to achieve the low viscosity. The recipe for shell coating slurry
was:
Powder: 325gm alumino silicate + 30 gm fused silica with fiber reinforcing
Binder: 140 ml
Catalyst: 10 ml
The ice pattern was dipped in the slurry for ten minutes and then allowed to cure
for two hours inside the freezer. This created a thin ceramic coating around the ice pattern
which was devoid of any air bubbles or empty spaces. The mold was prepared after this
by pouring the slurry as before. The coating given was seen to be intact upon breaking
the mold after casting.
The initial shell required two hours of curing. The solid mold required twentyfour hours of curing. The dewatering and drying period was eight hours. The preheating
of mold took seven hours. The total time required for the shell coating method was fortyone hours.
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Castings made using the final shell coating method of investment casting showed
good features and were devoid of the air-bubble and extrusion defects seen in the castings
made before using investment castings with ice patterns. A macroscopic image of an MO8
bolt casting is shown in Figure 1.8.
1.8. EXPERIMENTAL
Ten castings of an MO8 bolt pattern were made for studying the process and its
repeatability. The castings were devoid of the two defects that were seen in the previous
castings made without the shell coating. The castings also showed better surface finish
and quality. They demonstrated shrinkage effects which could have been caused by the
finishing process using thread dies. This process involved running the threads of the ice
pattern on the die. Also, the shrinkage effect could be due to solidification shrinkage of
the alloy metal.
1.9. DATA COLLECTION
The outer diameter and the pitch of each bolt were measured. Three readings of
the outer diameter (OD1, OD2 and OD3) were taken from each bolt casting using a
vernier caliper. The data collected are given in Table 1.3. After the mean and the standard
deviation were calculated, the percent shrinkage with respect to the nominal diameter was
calculated for each diameter value. The pitch was measured by taking macroscopic
images and then measuring the distance between the threads. This is demonstrated in
Figure 1.9. The pitch data are given in Table 1.4. As before, a comparative study was
made with respect to the nominal pitch of the master pattern. Frequency histograms were
also drawn for outer diameter and pitch data.
1.9.1. Outer Diameter. An analysis of the outer diameter data revealed that the
castings made were not perfectly round. This is referred to as “out of roundness” and is
calculated as half the value of the difference between the maximum and minimum outer
diameters. This gives the variation of outer diameter data for each casting. The frequency
histogram drawn for the outer diameter data is shown in Figure 1.10. The frequency
histogram for out of roundness is shown in Figure 1.11. The outer diameter of the
nominal master bolt pattern was 7.69 mm. The mean of the outer diameter data was 7.35
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mm. The standard deviation of the out of roundness data was 0.04, while the mean was
0.043 mm. The standard deviation of the OD shrinkage (7.69mm —OD) was 0.05, and the
mean was calculated as 0.34 mm.
The castings also demonstrated shrinkage effects for the outer diameter. The
shrinkage data are given in Table 1.5. The percent shrinkage frequency histogram of
outer diameters is given in Figure 1.13. The standard deviation of the percent shrinkage
data of the outer diameter was 0.86%, and the mean was 4.4%.
1.9.2. Pitch Data. The pitch data are given in Table 1.4. Delta pitch is defined as
the difference between the nominal pitch of the master bolt and the observed pitch of the
casting. The pitch frequency histogram is shown in Figure 1.12. The nominal pitch of the
master bolt pattern was 1.4 mm. The standard deviation of the pitch data was 0.007, and
the mean was 1.37mm. The percent shrinkage of the pitch with respect to the nominal
pitch of each casting was also calculated. The standard deviation of the pitch shrinkage
data was 0.5%.
1.10. TOLERANCE CALCULATIONS FOR OUTER DIAMETER
The dimensions of any casting will always differ from the nominal values (the
proposed dimensions on the drawing). The difference can be either greater or less than
the nominal value. This happens because of variations in the processing conditions and
related factors. The concept of tolerances is used to understand these variations and to set
a standard to differentiate parts on the basis of dimensional compliance with design. P. R.
Beeley has reviewed the subject of tolerances and devised an equation for tolerance
calculation for investment casting using wax patterns.

T71

Outer Diameter of Nominal Bolt Pattern = 7.69 mm
Mean Outer Diameter of castings = 7.35 mm
Beeley’s Tolerance equation for investment casting process using wax patterns is
T = ±0.13 + 5D/1000 mm
where T is the casting tolerance and D is the characteristic dimension such as the
bolt outer diameter
T = ±0.13 + (5 * 7.69)/1000
= ±0.17 mm
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Beeley’s equation does not take into consideration the alloy used for casting, and
the equation is only for wax patterns.
The U.S. Investment Casting Institute has suggested the use of ± 0.17 mm
tolerance value for dimensions up to 10 mm for investment casting processes using wax
patterns [11^. This is similar to Beeley’s equation.
The VDG Reference Sheet considers the alloy used for casting and places
tolerances in classes, with different categories for different alloys [12]. Alloys of iron,
nickel, cobalt, and copper are in category D. The VGD chart gives a value ot ± 0.36 mm
for dimensions from 6 mm to 10 mm. Thus the tolerance limits for the castings,
according to the VDG Reference Sheet, are 7.33 mm and 8.05 mm.
1.11. OUT OF ROUNDNESS
The U.S. Investment Casting Institute has proposed a value 0.0254 mm for out of
roundness for the investment casting process using wax patterns for up to 25 mm
dimensions [11]. The mean of the out of roundness values measured for the castings was
0.0430 mm. The out of roundness can be attributed to various causes as follows:
1) Expansion of water on solidification, leading to stretching of the insides o f the silicon
rubber mold, can be another reason for out of roundness.
2) The use of soft silicon rubber mold for producing the pattern. The authors had
provided a protective cover around the silicon rubber mold to prevent extreme situations.
To avoid or decrease the phenomenon of out of roundness, the RFP can be used to
produce the ice patterns. It is advisable not to use soft silicon rubber molds where great
accuracy is desired. The soft silicon rubber molds cannot be used to do a proper analysis
of shrinkage effects. This is a source of variability for this process and one can expect
higher values for standard deviations in the dimensional data collected. This type of
variability due to soft molds is usually absent in usual practice.

19

1.12. STATISTICAL ANALYSIS
The mean of the outer diameters of the ten castings is calculated as 7.35 mm. This
is the deviated mean of the process from the nominal outer diameter value of 7.69 mm.
The tolerance calculated from Beeley’s equation is ± 0.17 mm. The standard deviation of
the data collected for outer diameter is 0.05. Thus it can be assumed that
0.34 = n * a
= n * 0.05
This gives n = 6.8, which is greater than 6 indicating that the process capability is
better than the tolerance calculated from the Beeley equation.
The ice pattern of the bolt was made using a silicon rubber mold. Thus no
shrinkage allowance was provided for the pattern. This has led to an obvious systematic
error in the casting, mainly the deviated mean of the castings from 7.69 mm. This can be
easily rectified by correcting the pattern. Campbell has illustrated that this correction
should not be made on the basis of the study of just one trial casting [5\ He proposes the
use of ten or more castings for providing the allowance. The calculated allowance for the
pattern is +0.34 mm. The patternmaker’s shrinkage allowance for the bolt casting is
calculated as 4.4%. This value of allowance is not accurate due to the use of the soft
silicon rubber molds for producing the ice patterns.
1.13. CONCLUSIONS
An optimum recipe was found for making molds for investment casting using ice
patterns. The presence of reinforcing fibers in fused silica powder in the recipe is seen to
have increased the toughness and performance of the mold. The two main defects in the
castings produced through investment casting process with ice patterns are extrusion and
air bubble defects. The use of a shell coating helps in preventing these defects. Ten
castings of M08 bolts were produced using the new method of shell coating. The
statistical analysis of the data shows that the process is repeatable and the 6a limits are
lower than the generally accepted values for investment casting.
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1.16. CALCULATIONS AND CHARTS

Table 1.1. Mold Matrix

Group A

Group B

Group C

AA
AB
AC
BA
BB
BC
CA
CB
CC

powder
(gm)
350
350
350
350
350
350
350
350
350

binder
(ml)
106
99
93
130
122
114
160
149
139

catalyst
(ml)
5
12
18
7
15
23
8
19
29

binder/catalyst
ratio
21
8
5
19
8
5
20
8
5

Table 1.2. Particle Size Distribution of Fused Silica Powder
Particle size (mesh)

<50

50-100

100-200

200-Pan

Percentage (%)

3.0-7.0

4.0-14.0

12.0-22.0

60.0-80.0
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Table 1.3. Outer Diameter Data
Delta
OD

ODmax-

Out of

OD1

OD2

OD3

ODAv

(7.69-

ODmin

Roundness

(mm)

(mm) (mm)

(mm)

ODAv)

(mm)

(mm)

Boltl

7.31

7.32

7.36

7.33

0.36

0.05

0.025

Bolt2

7.35

7.40

7.30

7.35

0.34

0.10

0.050

Bolt3

7.33

7.30

7.35

7.33

0.36

0.05

0.025

Bolt4

7.40

7.45

7.51

7.45

0.24

0.11

0.055

Bolt5

7.36

7.39

7.46

7.40

0.29

0.10

0.050

Bolt6

7.51

7.33

7.35

7.40

0.29

0.18

0.090

Bolt7

7.32

7.30

7.27

7.30

0.39

0.05

0.025

Bolt8

7.30

7.32

7.40

7.34

0.35

0.10

0.050

BoIt9

7.31

7.25

7.26

7.27

0.42

0.06

0.030

Boltl 0

7.32

7.38

7.34

7.35

0.34

0.06

0.030

Table 1.4. Pitch Data
Pitch

Delta Pitch

%Shrinkage in

(mm)

(1.4-Pitch)

Pitch (%)

Boltl

1.36

0.04

2.86

Bolt2

1.37

0.03

2.14

Bolt3

1.38

0.02

1.43

Bolt4

1.38

0.02

1.43

Bolt5

1.38

0.02

1.43

Bolt6

1.37

0.03

2.14

Bolt7

1.38

0.02

1.43

Bolt8

1.38

0.02

1.43

Bolt9

1.38

0.02

1.43

Bolt 10

1.38

0.02

1.43
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Table 1.5. % Shrinkage of Outer Diameter Data
OD1

OD2

OD3

ODAv

%S1

%S2

%S3

%SAv

(mm)

(mm)

(mm)

(mm)

(%)

(%>

(%>

Boltl

7.31

7.32

7.36

7.33

4.94

4.81

4.29

(%)
4.68

Bolt2

7.35

7.40

7.30

7.35

4.42

3.77

5.07

4.42

Bolt3

7.33

7.30

7.35

7.33

4.68

5.07

4.42

4.72

Bolt4

7.40

7.45

7.51

7.45

3.77

3.12

2.34

3.08

Bolt5

7.36

7.39

7.46

7.40

4.29

3.90

2.99

3.73

Bolt6

7.51

7.33

7.35

7.40

2.34

4.68

4.42

3.81

Bolt7

7.32

7.30

7.27

7.30

4.81

5.07

5.46

5.11

Bolt8

7.30

7.32

7.40

7.34

5.07

4.81

3.77

4.55

Bolt9

7.31

7.25

7.26

7.27

4.94

5.72

5.59

5.42

Boltl 0

7.32

7.38

7.34

7.35

4.81

4.03

4.55

4.46

1.17. FIGURES

Figure 1.1. Desirable Height of the Ice-tree
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Figure 1.2. Mold with No Cracks (fused silica with reinforcing fibers added)

Figure 1.3. Air-bubble Defect
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Figure 1.4. Extrusion Defect

Figure 1.5. First Shell Coating
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Figure 1.6. Second Shell Coating

Figure 1.7. Third Shell Coating
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Figure 1.8. Bolt Casting Devoid of Defects

Figure 1.9. Bolt Casting No. 10
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Frequency Histogram - Outer Diam eter
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Figure 1.10. Frequency Histogram of Outer Diameter

Out of Roundness Frequency Histogram
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Figure 1.11. Out of Roundness Frequency Histogram
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Pitch Frequency Histogram

Figure 1.12. Pitch Frequency Histogram

% Shrinkage Frequency Histogram

(2.302.79)

(2.803.29)

(3.303.79)

(3.804.29)

(4.304.79)

(4.805.29)

%Shrinkage class

Figure 1.13. Percent Shrinkage Frequency Histogram

(5.305.79)
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ABSTRACT
The authors developed a process for solid mold investment casting using ice
patterns. The authors then collaborated with O’Fallon Casting Foundry, O ’FallonMissouri, to implement the use of ice patterns for the shell mold investment casting
process. Various castings of different dimensions and geometry were produced using the
shell mold process. These included bolts, giant coin replicas, paper weights, and dental
bars. The bolt castings were made from an M l2 bolt pattern and were studied to analyze
the quality of the developed investment casting process. The studies demonstrated the
accuracy and repeatability of the process. A comparative study was done between the
solid mold investment casting and the shell mold investment casting.

2.1. INTRODUCTION
Investment casting is one of the oldest manufacturing processes dating back to
well over six millennia [5]. The name “investment” comes from the fact that ceramic
slurry is "invested" around the pattern. The process was mainly utilized in the beginning
to make jewelry or investments. The process mainly consists of making a pattern out of
wax or any other material that can be melted away, attaching it to a sprue, and then
building a shell/mold around it. The shell is built by dipping the pattern in prepared slurry
and then stuccoing it with chosen powder. The dipping and stuccoing procedure is
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repeated up to six times or more depending on the size of the coating desired. A final
sealing coat is given, and then the mold is heated in an oven to melt away the pattern,
thus creating a mold that can be filled with molten metal. The process of melting away
the pattern in an oven is called as dewaxing. A popular dewaxing method used in the
United States is autoclaving.
The idea of using ice patterns instead of wax or any other similar material was
first explored by Yodice [1,2 and 3\ This was also explored by X. Wu of Tsinghua
University, China [10]. The use of ice patterns for the process is more beneficial than using
wax patterns in many ways. These are:
1) Wax tends to expand when heated, thus causing stress on the shell leading to
cracks. Ice on the other hand, shrinks while melting. This quality is very much desired in
the process.
2) The use of ice patterns makes the process environmentally benign.
3) Water is readily available and is more economical than wax.
4) No reclaiming process is required for the pattern material.
The authors had worked on using ice patterns for solid mold investment casting
and were successful in making the process accurate and repeatable t4J. The authors did
their experimental studies at the O’Fallon Casting foundry to develop a shell mold
investment casting process using ice patterns. The main challenge was building a shell
that adhered to the ice pattern and also was strong enough to withstand the pressure
exerted by the molten metal.
2.2. O’FALLON CASTING FOUNDRY
O’Fallon Casting Foundry is a non-ferrous investment casting foundry at
O’Fallon, Missouri. They provided a walk-in freezer setup for conducting the required
experiments and also valuable information about the process. The freezer was generally
maintained at a very low temperature of -24° C.
2.3. MATERIALS SELECTION
The materials selection for the slurry was a difficult process since the working
environment was below 0° C. Water based binders were useless for this process due to
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the temperature constraint. The authors used the same materials for building the shells as
had been used in solid mold investment casting using ice patterns. The authors used
prehydrolyzed ethyl silicate binder as the binder. The commercial name o f the binder
selected was Silbond H4*. The powder components selected were alumino silicate
powder and fused silica powder with reinforcing fibers. From the previous studies
conducted by the authors, it was seen that the presence of reinforcing fibers in the fused
silica was very beneficial for the process

The presence of fused silica containing

reinforcing fibers increases the adhering properties of the slurry and also improves the
strength of the shell by large amounts. The improved toughness comes from the elastic
energy o f the fibers, the energy required to break the fiber-matrix bond and the energy
required to overcome the friction during fiber pullout from the matrix. The stress applied
to the material will be distributed to the fibers. Alumino silicate powder is commercially
available from Ransom & Randolph. Fused silica powder containing reinforcing fibers is
available as “gray matter” from Nalco Industries. To improve the gelling properties of the
slurry, the authors prepared a catalyst. The catalyst was a mixture o f triethanolamine and
ethanol in 1:1.5 volume proportions.
The constituents selected for the ceramic slurry system of making the molds were:
1) Powder 1: (Ceramic Powder M47-200ICC alumino silicates, particle size 0.075mm from Ransom and Randolph). The powder was preheated to 100°C in the
furnace to remove the moisture and was kept inside an airtight container until it was
cooled. After cooling it was kept in the freezer maintained at -16°C.
2) Powder 2: Fused silica powder with reinforcing fibers (gray matter). The
composition is given in Table 2.1.
3) Binder: (Alcohol based prehydrolyzed ethyl silicate —10 weight% silica). The
binder was stored in the freezer in a closed container.
4) Catalyst: (1:1 volume ratio triethanolamine & ethanol). The catalyst was
prepared only when required and stored in a closed container inside the freezer.
The primary stuccoing powder used was the one previously used by the authors
for their experiments with the solid mold investment casting process. The primary

* Silbond H4 is available from Silbond Corporation (www.Silbond.com)
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stuccoing powder was prepared by mixing alumino silicate and gray matter in 1:1
proportions. The second, third, and fourth stuccoing powders were alumino silicate
powder commercially available as STKO® Alumino Silicate 60S powder from Christy
Minerals Co+. The 60S powder was coarser than the first stuccoing material. For the fifth
and sixth layers, the authors used even coarser alumino silicate powder available under
the commercial name STKO® Alumino Silicate 22S, again from Christy Minerals Co.
2.4. PROCEDURE
All the components of the slurry and the stuccoing powders were stored in air
tight containers inside the freezer and used only when required. This ensured that the
slurry was always under sub zero conditions, which was very important for the process.
Any temperature above 0° C was detrimental for the ice patterns, which, in turn, would
affect the accuracy of the castings. The authors wore safety gloves while handling the ice
patterns to avoid melting distortions. All the procedure steps were done inside the walk-in
freezer.
2.4.1. Preparing the Ice Patterns. The patterns were prepared from silicone
rubber molds. This procedure was easy to use and fast. Gates made of ice were attached
to the patterns before attaching to the ice sprue as described below.
2.4.2. Preparing the Ice Sprue. The ice sprue was prepared by building an ice
covering around a metal sprue used in wax investment casting. This was done by dipping
the metal sprue in water and then freezing the whole setup. The ice gates and ice patterns
would be later welded to the ice sprue with a few drops of water. For curing purposes of
the shell, the sprue was hung down on a stand using metal wire.
2.4.3. Preparing the Slurry. The slurry was prepared by mixing the alumino
silicate powder from R & R, and the gray matter from Nalco. The composition of the
slurry was:
Alumino silicate: 5630 gm
Fused silica containing reinforcing fibers: 835 gm
Binder: 2140 ml

STKO® Alumino silicate grains and flours are available from Christy Minerals (www.christyco.com)
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The components were mixed for four minutes, until there were no lumps present
and the slurry was uniform through out. The mixing was done inside the walk-in freezer
using long mixer blade arrangement. Prior to dipping the ice sprue in the slurry for each
layer, the slurry was mixed for three minutes.
2.4.4. Building the shell.
2.4.4.1. First layer. The primary shell layer is the most important of all layers.
This forms the base for the rest of layers to adhere to each other. The most difficult
challenge in the whole process was developing slurry that would provide a good initial
layer. The presence of fused silica containing reinforcing fibers was beneficial for this
purpose. The procedure of building the first layer involved dipping the ice sprue carefully
in the slurry and then using the stuccoing powder. The stuccoing powder was rained on
the dipped sprue while ensuring that the sprue was fully covered with the stuccoing
material. Immediately after the stuccoing process, the catalyst was sprayed on the shell
using an air spray. The sprue was then hung on a stand and allowed to cure for two hours
inside the freezer.
2.4.4.2. Second, third, and fourth layers. The second, third, and fourth layers
were built the same as the first layer. The stuccoing powder used for these layers was 60S
alumino silicate powder, and the curing time was one hour for each layer.
2.4.4.3. Fifth and sixth layers. The fifth and sixth layers were built again in the
same manner as the rest of the layers. The stuccoing powder used for these layers was
22S alumino silicate powder. The curing times were again one hour for the fifth layer,
while for the sixth layer, the curing time used was twelve hours.
2.4.4.4. Dewatering the shell. Instead of the autoclaving process in the wax
pattern investment casting process, the ice pattern investment casting process involved a
dewatering process. This was done by keeping the shell with the ice pattern inside upside
down at room temperature. The dewatering process took about four hours. Once the shell
was fully dry, it was given a final sealing layer.
2.4.4.5. Final sealing layer building for the shell. The final sealing layer built
for the shell was from an aqua based slurry. The water based slurry produces a shell layer
which is stronger than the shell layer by ethyl silicate based slurry. The shell was also
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repaired, if it had any damages, prior to dipping in the water based slurry. The recipe
belongs to O’Fallon Casting and is confidential.
2.4.4.6. Casting of the shells. The shell after the final sealing coat was preheated
in an oven to about 550° C for two hours prior to casting. A sand backup was provided
for the shells while pouring the molten metal. Aluminum alloy, A-356, was used for
casting the shells. The casting process was successful, and the shell was able to support
the pressure applied by the molten metal.
2.5. DEFECTS IN THE SHELL
The insides of the shell were flaky in nature. This was bad for the quality of the
castings, since the turbulence of molten metal would cause more damage to the shell,
even leading to rupturing of the shell while casting. The strength and smoothness of the
insides of the shell depended on the quality o f the first layer. Though the authors were
successful in building the first layer, they were not successful in building a strong first
layer that was not flaky inside.
2.6. FURTHER MODIFICATIONS FOR THE SLURRY
To increase the strength of the shell, the authors increased the amount of gray
matter in the slurry recipe. The modified recipe was:
Alumino silicate: 5630 gm
Fused silica with reinforcing fibers: 1300 gm
Binder: 2500 ml
The slurry prepared was thick. The slurry once prepared could be used for two
days, since the catalyst was not used for preparing the slurry. Prior to dipping, however,
the slurry had to be mixed well for three minutes so that the slurry was uniform. To
further improve the strength and quality of the first layer, the authors used Zircon sand¥
as their first stuccoing powder instead o f the mixture of gray matter and alumino silicate
powder. This ensured a fine initial layer for the shell, which was necessary to keep the
fine features of the pattern. The presence of Zircon sand improved the adhesiveness of

¥ Zircon sand is available from Ransom and Randolph (Florida Zircon Sand, AFS 130 grade A)
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the layer, since it was different from the slurry powder components. The shells made
using the modified process were strong and the defects were absent. The shell was strong
enough to withhold the molten metal without the sand backup. The shell molds and the
castings are shown in Figure 2.1.
The castings made using the shells are shown in Figure 2.2. The bolt castings
were studied to measure the process capability. A-356 aluminum alloy was used for
casting.
2.7. MOLDING CYCLE TIME
The total time taken once the sprue had been assembled was calculated as:
Curing time for first layer = 2 hours
Curing time for second, third and fourth layer = 1 hour
Curing time for fifth = 1 hour
Curing time for sixth layer =12 hours
Dewatering time = 4 hours
Preheating time in the oven = 2 hours
Thus, a total of twenty-four hours approximately was required for the casting process.
2.8. STUDY OF THE BOLT CASTINGS
Three M12 bolt castings were made using the process, and they were studied. The
outer diameter and the pitch were measured for the process capability studies. The outer
diameters were measured using a digital vernier caliper. Three readings each were taken
for the outer diameters. The pitch data were calculated from macroscopic images using a
micro-scale. Five values of pitch were calculated, by measuring the distance between the
threads, and tabulated. All the dimensions were compared with the master bolt pattern. A
macroscopic image of the bolt casting is shown in Figure 2.3.
2.8.1. Outer Diameter Data. The bolt castings produced were not perfectly
round. This is referred to as “out of roundness” and is calculated as half the value of the
difference between the maximum and minimum outer diameters. This gives the variation
of outer diameter data for each casting. The outer diameter data are shown in Table 2.2.
The frequency histogram drawn for the outer diameter data is shown in Figure 2.4. The
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outer diameter of the nominal master bolt pattern was 12.48 mm. The mean of the outer
diameter data was 11.35 mm, and the standard deviation was 0.025. The standard
deviation of the out of roundness data was 0.01, while the mean was 0.015 mm.
The castings also demonstrated shrinkage effects for the outer diameter. The standard
deviation of the OD shrinkage (12.48 mm - OD) was 0.02, and the mean was calculated
as 0.03 mm. The % shrinkage data are given in Table 2.3. The percent shrinkage
frequency histogram of outer diameters is given in Figure 2.5. The standard deviation of
the percent shrinkage data of the outer diameter was 0.2%, and the mean was 9.09%.
The outer diameters of the bolt castings were more or less uniform. This was an
improvement from the previous studies conducted by the authors on solid mold
investment casting using ice patterns. Previous studies by the authors on solid mold
investment casting using ice patterns had revealed that the bolt castings showed bigger
out of roundness data than the castings produced by the shell mold process. A small
freezer was used in the previous experiments, which exposed the patterns to outside air
every time the freezer was opened. The authors had suggested using walk-in freezers and
using a colder environment to avoid this defect. The ice pattern for the bolt was made
from a master pattern by using silicon rubber molds. The formation of the ice patterns can
apply stress on the rubber mold and this is a source of variation in the process. There was
no allowance given for the silicon rubber molds. Thus, the bolt castings were smaller than
the master pattern of the bolt. The use of soft silicon rubber mold to produce the ice
pattern does not allow accurate pattern maker’s allowance calculation.
2.8.2. Pitch Data. The pitch data are shown in Table 2.4. Delta pitch is defined as
the difference between the nominal pitch of the master bolt and the observed pitch of the
casting. The pitch frequency histogram is shown in Figure 2.6. The nominal pitch of the
master bolt pattern was 1.8 mm.
The standard deviation of the pitch data was 0.01, and the mean was 1.78 mm.
The percent shrinkage of the pitch, with respect to the nominal pitch of each casting, was
also calculated. The mean percent shrinkage was 1.19%.
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2.9. TOLERANCE CALCULATIONS FOR OUTER DIAMETER
The dimensions of any casting will always differ from the proposed dimensions
on the drawing. Also no two castings will have the same dimensions. The differences in
dimensions can be either greater or less than the nominal values. These happen because
of variations in the processing conditions and related factors. The concept of tolerances is
used to understand these variations and to set a standard to differentiate parts on the basis
of dimensional compliance with the design. P. R. Beeley has reviewed the subject of
tolerances and devised an equation for tolerance calculation for investment casting using
wax patterns [5].
Mean Outer Diameter of castings = 11.35mm
Beeley’s Tolerance equation for investment casting process using wax patterns is,
T = ± 0.13 + 5D/1000 mm
where T is the casting tolerance and D is the dimension
T = ± 0.13 + (5 * 11.35)/l000
= ±0.19 mm
Beeley’s equation does not take into consideration the alloy used for casting, and
the equation is only for wax patterns. The U.S. Investment Casting Institute has suggested
the use of ± 0.25 mm tolerance value for dimensions up to 25 mm for investment casting
processes using wax patterns

All the outer diameter values of the bolt castings fell

within the tolerance limits. This gives a good picture about repeatability and process
capability of the shell mold investment casting process using ice patterns.
2.10. SHELL MOLD AND SOLID MOLD PROCESSES
In a previous study on solid mold investment casting using ice patterns, the
authors had calculated the mean outer diameter shrinkage as 4.4%. The mean outer
diameter shrinkage for shell mold investment casting was calculated as 9%. The increase
in the shrinkage may be attributed to the aluminum alloy (A-356 Aluminum alloy) used
and to the shell mold process. In the solid mold casting process, the authors used a nickelchromium bonding alloy commercially available as Talladiumv. Talladium is a common

v The alloy is available from Talladium, Inc. under the name Tilite® Premium.
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alloy used for casting dental parts. The out o f roundness phenomenon was small in the
bolt castings produced by the shell mold process which can be attributed to better
handling of the rubber mold. Another advantage o f the shell mold over the solid mold
process is the flexibility in the size of the castings. In the solid mold investment casting
process, the molten metal was forced into the mold by a procedure such as centrifugal
casting. In the shell mold process, however, the gravity pour method can be used. The
various features of the shell mold process can be enumerated as follows:
1) Higher productivity rate since the use of sprues increases the number of
castings at a time.
2) Gravity pour method can be used for pouring the molten metal.
3) Larger size for the castings.
4) Ease in removal of the casting.
2.11. FUTURE WORK
The authors have developed a rapid prototyping process using a freezing
procedure called Rapid Freeze Prototyping t6 and7l. Combining the rapid prototyping
technology with the shell mold investment process will be a great addition to the
manufacturing field. The ice prototypes made using the Rapid Freeze Prototyping can be
directly used as the patterns in the shell mold investment casting process. To further
improve the surface finish of the castings, an interface agent can be used, which will
prevent any interaction effect of the slurry with the ice pattern.
2.12. CONCLUSIONS
The authors were able to develop a process for producing castings with fine
features using shell mold investment casting with ice patterns. A process capability study
was done on the M l2 bolt castings produced by the shell mold process. A comparative
study was made between the shell mold and solid mold investment processes. The shell
mold investment casting process has features that make it attractive for industrial
purposes.
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2.15. TABLES AND CALCULATIONS

Table 2.1. Particle Size Distribution of Fused Silica Powder
Particle size (mesh)

<50

50-100

100-200

200-Pan

Percentage (%)

3.0-7.0

4.0-14.0

12.0-22.0

60.0-80.0

Table 2.2. Outer Diameter Data
Av

Delta

ODmax-

OD1

OD2

OD3

OD

OD

ODmin

Out of

(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

Roundness(mm)

Boltl

11.34

11.35

11.31

11.33

1.15

0.03

0.015

Bolt2

11.38

11.34

11.39

11.37

1.11

0.05

0.025

Bolt3

11.33

11.33

11.34

11.33

1.15

0.01

0.005

Table 2.3. Outer Diameter Shrinkage Data
OD1

OD2

OD3

SI

S2

S3

Sav

(mm)

(mm)

(mm)

(%)

(%>

(%)

(%)

Boltl

11.34

11.35

11.31

9.13

9.05

9.38

9.19

Bolt 2

11.38

11.34

11.39

8.81

9.13

8.73

8.89

Bolt3

11.33

11.33

11.34

9.21

9.21

9.13

9.19
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Table 2.4. Pitch Data
Pitch

Pitch

Pitch

Pitch

Pitch

1

2

3

4

5

Av.Pitch

Pitch

%shrinkage

(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

(mm)

(%>

Bolt 1

1.77

1.78

1.78

1.77

1.78

1.78

0.02

1.33

Bolt 2

1.77

1.78

1.79

1.8

1.8

1.79

0.01

0.67

Bolt 3

1.78

1.77

1.77

1.77

1.77

1.77

0.03

1.56

Delta

2.16. FIGURES

Figure 2.1. Shell Molds
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Figure 2.2. Castings

44

Figure 2.3. Macroscopic Images of Bolt Castings
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Pitch Frequency Histogram
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2. CONCLUSIONS
The investment casting process with ice patterns is similar to the traditional
investment casting process with wax patterns. The main and maybe, the only difference is
the pattern material. It is capable of solving many problems posed by the traditional
methods.
Compared with the investment casting process using wax patterns, the investment
casting process using ice patterns has many advantages. These can be enumerated as
follows:
a) Wax tends to expand when heated causing stress on the shell that may lead to
cracks. Ice, on the other hand, shrinks while melting.
b) The use of ice patterns makes the process environmentally benign.
c) Water is readily available and is more economical than wax.
d) No reclaiming process is required for the pattern material; therefore, the cost of
the investment casting process using ice patterns is reduced even further.
The objective of this thesis research was to develop the investment casting
process using ice patterns. Two processes of investment casting with ice patterns, solid
mold and shell mold, have been successfully developed. Detailed descriptions of both
processes are given for replicating the results of the study. The castings made were
studied in each process for the process capability analysis.
Larger size for the castings can be achieved by using shell mold investment
casting process. There is flexibility in the choice of processes for metal pouring into the
mold in the shell mold investment casting process. A simple process like the gravity pour
method can be used for pouring the molten metal. Also, a fine process, like the counter
gravity method can be employed for pouring to produce better castings. Shell mold
investment casting process is also best where a higher productivity rate is desired, since
the use of sprues increases the number of castings at a time. The casting is easier to be
removed in the shell mold investment casting process. Solid mold investment casting is
suitable for small size castings.
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